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Abstract 
Graphene nanoparticles and sodium dodecyl benzene sulfonate (SDBS) were dispersed in Paraffin by ultrasonic 
vibration. This nanofluid was then put into a rectangular cavity, and solidified in vertical direction from the bottom to 
the top. Then, joined electromagnetic field with a electric-field intensity of 110v and a magnetic induction intensity of 
0.1T during directional solidification process above, also, a same nanofluid solidification without electromagnetic 
field for compare Photoes were taken during directional solidification and after solidification to show the interface 
shape during solidification and the distribution of nanoparticles after solidification. The environmental scanning 
electron microscope (ESEM) was also used to observe the different distribution of nanoparticles in the vertical 
direction of solid phase after solidification. It was found that directional solidification without electromagnetic field 
made graphene nanoparticles distributed to the top area of the solid, particles clustered seriously while they were 
barely appeared to the bottom area of the solid. The joining of electromagnetic field made them distribute in all area 
of the solid, dispersed better, particle size also became smaller than that without electromagnetic field. we thought 
that directional solidification assisted by electromagnetic field broke the force balance of nanoparticles, and particles 
were more easily to engulfed by solid interface compared to those without electromagnetic field. As a result 
nanoparticles dispersed better in the solid after solidification. 
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Selection and/or peer-review under responsibility of ICAE 
Keywords: nanofluid, directional solidification, disperision , electromagnetic field 
1. Introduction 
* Ying Chen. Tel.: +86- 020-39322581. 
E-mail address: chenying@gdut.edu.cn. 
Available online at www.sciencedirect.com
© 2015 Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
Peer-review under responsibility of Applied Energy Innovation Institute
 Shijun Lei et al. /  Energy Procedia  75 ( 2015 )  3290 – 3294 3291
Nanofluids have been proposed to be used as phase change materials(PCMs) in storage thermal energy 
instead of those traditional PCMs such as water and paraffin due to their higher thermal conductivities, 
lower supercooling degrees and higher latent heat released in solidification[1]. However, we found that 
nanoparticles suspended in the bulk nanofluid were usually pushed by the solidification front tended to 
cluster together resulting in the failure problem of nanofluids[2]. Electromagnetic field had been applied 
to disperse wild phase particles in the production of metal-matrix composite[3].It could make the wild 
phase particles engulfed into meltal base to improve the property of solder alloy by changing the force 
balance of the wild phase particles[4,5]. Therefore, we introduced that method in nanofluids solidification 
to promote the particles engulfed into solid interface, so that nanoparticles distributed more homogeneous 
after solidification and solve the failure problem caused by the pushing of solid front. In the present study, 
Graphene nanoparticles and sodium dodecyl benzene sulfonate (SDBS) were dispersed in Paraffin. We 
did a preliminary study on the synergistic effect of electromagnetic field and directional solidification to 
nanofluids during the solidification. Discussed the reason that formed the different distribution of 
nanoparticles with and without electromagnetic field after solidification and confirmed that the synergistic 
effect of electromagnetic field and directional solidification could solve the failure problem of nanofluids 
during the solidification, the cycle-stability of nanofluids were promote in storage thermal energy.
2. Experimental methods 
2.1. Preparation of Graphene/Paraffin nanofluids 
Graphenes (ShangHai Chao Wei Nanotechnology Co., Ltd., China) were used as the nanoparticles 
which were spherical and had a relatively uniform size of 100 nm. Phase change Paraffin(ShangHai 
JiaoEr Wax industry Co., Ltd., China) were used as the base fluid which had a phase change temperature 
of 40ć. SDBS were chosen as surfactants to increase the electric quantities of nanoparticles. The paraffin 
was melted in the water bath with a constant temperature of 40ć. The graphenes and the surfactant were 
added into the melting paraffin, and ultrasonicated the mixture for 1 hour to prepare Graphene/Paraffin 
nanofluid. The nanoparticles concentration were controlled at 0.05wt%. The mass ratio of graphene to 
surfactant was 1:1. 
2.2. Experimental apparatus and procedure 
Fig. 1. Directional solidification apparatus and electromagnetic field  
The experimental apparatus were consisted of a magnetic field generator, a waveform generator, a 
voltage amplifier, a semiconductor directional solidification system and a temperature control system. 
Nanofluid was injected into a rectangular cavity which had a height of 30mm, a length of 20mm, a width 
of 3mm. 
3. Results and discussion 
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Fig. 2. (a)Solid-liquid interface appearance during directional solidification ; (b)The dispersion of nanoparticles after solidification
with and without electromagnetic fiel Directional solidification apparatus and electromagnetic field 
Figure 2a showed solid-liquid interface appearance at different time during solidification. It was found 
that the solid-liquid interface presented to a stable planner growth from the bottom to the top. Figure 2b 
showed the dispersion of graphene nanoparticles after solidification with and without electromagnetic 
field. It was found that when electromagnetic field assited during directional solidification, the solid 
blackness was more homogeneous than that with out electromagnetic field. Accordingly, graphene 
particles dispersed better with the action of electromagnetic field during directional solidification. 
Fig. 3. SEM of particles distribution after solidification with and without electromagnetic field 
Fig. 4. SEM of particles distribution after solidification with and without electromagnetic field 
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Figure 3 showed the SEM of particles distribution in solid slice after solidification with and without 
electromagnetic field in the position of 4cm. It was found that without the action of electromagnetic field, 
the particles glusterd badly and concentrated in a certain position of the solidphase, while the particle size 
presented smaller and contributed more dipersed in the solidphase with the action of electromagnetic field. 
The quantities of graphene particles in the pariffin slice were count at the position of 1cm, 2cm, 3cm, 
4cm showed in figure 4. It was found that without the action of electomagnetic field during directional 
solidification, nanoparticles were barely appearanced at the position of 1cm and the quantities of the 
particlea were increased as the slice position become closer to the top of the solid. When the slice position 
come to 4cm, the quantities of the particle reach to a limit value of 45. With the action of electromagnetic 
field during directional silidification, the difference of the particle quantities between different slice 
position was small, particle quantities presented 43 at 1cm, 48 at 4cm and come to an average level of 
47.5, which was larger than the limit value that without electromagnetic field. Accordingly, when joined 
electromagnetic field during solidification, the seperating degree of nanoparticles were increased 
obviously, the particle size presented smaller than that without electromagnetic field, the action of 
electromagnetic field increased the dispersion of nanoparticles in the solidphase during the solidification 
process of Graphene/Parriffin nanofluid. 
The force situation of nanoparticles cause the phenomenon above. As it known, when nanofluid begin 
to solidification, the nanoparticles inside are influnced by gravity themselves, viscous resistance from 
liquid and repulsion force from interface. Nanoparticles were pushed into liquid phase if the reslut of the 
three forces was pointed to the liquid, on the contrary, nanoparticles were engulfed into the interface, and 
entered into solid phase. Past research has shown that nanoparticles were easily pushed by the interface 
during solidification. In this study, the solidification was directional which means the interface presented 
to a stable and planner growth from bottom to top, so the result of the three forces made most graphene 
nanoparticles pushed to a upper area of the solid, particles were barely appearanced to the bottom, but 
glusterd seriouly to the top. The force balance between nanoparticles were broke when joined 
electromagnetic field, an extra electromagnetic pinch force was added on particles, controlled the 
electromagnetic pinch force pointed to the solid to insure the particles were englufed by the interface 
during solidification so that nanoparticles distributed more dispersely in the solid after solidification. In 
this study, the magnetic field was 0.1T while the electric field was 110V. Nanoparticles were found from 
the bottom to the top, the quantities of the particles were larger than that without electromagnetic field 
which indicated that with the assist of electromagnetic field during directional solidification, 
nanoparticles were engulfed into the interface, distributed more dispersely in the solid and particle size 
became smaller, the problem that particles glusterd badly distributed nonuniformly got improved, the 
failure problem of nanofluids dueing the solidification was solved and the cycle-stability of nanofluids 
were promoted in storage of thermal energy. 
4. Conclusions 
This study researched the effect of electromagnetic field during nanofluid directional solidification, 
found the result that the synergistic effect of electromagnetic field and directional solidification did 
improve the dispersion of graphene nanoparticles during graphene/pariffin nanofluid solidification. 
Compared to that without the effect of electromagnetic field, the particles distributed more homogeneous 
in all area of the solid, particle size tended to smaller. Nanofluids failure problem caused by solidification 
process was solved, the ability of cycle-stability for storing thermal energy was increased. 
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